Capillary electrophoresis provides very high efficiency separations of biological molecules. Laser-induced fluorescence produces very high sensitivity detection. The combination of the two techniques results in an analytical tool with unprecedented properties: separations with more than a milliontheoretical plates and detection limits of a few hundred analyte molecules. This paper considers the design of high-sensitivity laser-induced fluorescence detection for capillary zone electrophoresis separation of labeled amino acids and capillary gel electrophoresis separation of DNA sequencing fragments. Injection of a 450-pL sample is simple. The capillary tip may be dipped momentarily into the sample, potential applied for a few seconds, and the capillary removed to the separation buffer. This injection technique introduces bias because early-eluting, fast-moving analyte will be injected to a greater extent than late-eluting analyte (17) . Alternatively, the injection may be based on a pressure difference by raising the sample reservoir to be above the detection reservoir. The pressure difference induced between the two vessels drives the analyte onto the capillary. To terminate the injection, the capillary is removed from the sample and placed in a vial containing the flow-through buffer. To avoid pressuredriven flow during the separation, the injection and detection buffers should be at the same height. Detection volume also must be <1 nL to avoid significant contribution to peak width. In general, on-column optical detection is used in capillary electrophoresis. A small portion of the polyimide coating is removed from
(1, 2) pointed out the excellent heat-transport properties of thin films in zone electrophoresis; unfortunately, applications were limited by difficulties associated not only with solvent evaporation but also with sample loading and detection. In 1979, Mikkers et al. (3,4) described zone electrophoreals in Teflon capillaries; they reported both ultraviolet absorbance and conductivity detection. Jorgenson and Lukacs (5) (6) (7) published several seminal papers in the early 1980s that described capillary zone electrophoresis separations in fused-silica capillaries for separation of protein digests. Edstrom (8,9) reported early work with capillary-dimension gel electrophoresis on very fine cellulose fibers (5 pm diameter) for separation of nucleic acids from single cells at an electric field gradient of 125 V/cm, In 1965, Matioli and Niewisch (10) studied hemoglobin from single cells on fine polyacrylamide fibers 50 pm in diameter. Grossbach (11) reported in 1974 the use of gel-ifiled glass capillaries of 50 pm diameter.
In 1970, Neuhoff et Injection of a 450-pL sample is simple. The capillary tip may be dipped momentarily into the sample, potential applied for a few seconds, and the capillary removed to the separation buffer. This injection technique introduces bias because early-eluting, fast-moving analyte will be injected to a greater extent than late-eluting analyte (17) . Alternatively, the injection may be based on a pressure difference by raising the sample reservoir to be above the detection reservoir. The pressure difference induced between the two vessels drives the analyte onto the capillary. To terminate the injection, the capillary is removed from the sample and placed in a vial containing the flow-through buffer. To avoid pressuredriven flow during the separation, the injection and
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Jian Zhong Zhang, Da Yong Chen, Shaole Wu, Heather R. Harke, and Norman J. Dovichi' the capillary to provide a window for detection. Absorbance and fluorescence are the most commonly used detection schemes.
High-sensitivity detection is required. To avoid distortion of the band shape, the ionic strength of the sample must be much less (<1%) than the ionic strength of the separation buffer. At higher concentrations, the analyte will perturb the local electric field, producing either peak tailing or fronting (1). Typically, the ionic strength of the separation buffer is 0.01 molJL, which means the analyte concentration must be < 0.1 mniol/L. If the sample injection volume is 450 pL, then the maximum amount of sample introduced onto the capillary is 45 fmol. If the separation is to have a linear dynamic range covering three orders of magnitude, then the detector must provide a detection limit of 45 amol (1 amol = i0-' mol), or 0.1 p.mol/L in the sample.
FluorescenceDetection
Laser-induced fluorescence is well suited for detection in capillary electrophoresis.
The high spatial coherence of the laser allows very small sample volumes to be excited with high efficiency. When coupled with efficient collection and detection, minute amounts of analyte may be detected. The best detection limits for undiluted solutions approach single molecules (18-20).
Detection limits in fluorescence measurements are usually determined by shot-noise in the background signal. Parker (21) lists four sources of background signal in fluorescence: fluorescence from solvent impurities, fluorescence from cuvet windows, Raman and Rayleigh scatter from the solvent, and light scatter at the cuvet-sample interface. Detector dark current is a fifth source of background. To produce excellent detection limits, one must minimize each of these sources of background signal.
Reagent contamination is minimized by careful sample preparation.
Solvent Raman scatter may be rejected through judicious spectral filtering. Fluorescence and light scatter from cuvet windows are minimized by careful spatial masking to restrict the field of view of the detector to the illuminated sample stream. Usually, light scatter from the capillary window is the major source of background signal in fluorescence detection in capillary electrophoresis.
Zare's research group (22) was the first to demonstrate on-column laser-induced fluorescence detection for capillary zone electrophoresis.
They focused a helium-cadmium laser beam (A = 325 nm) onto the capillary; a lens collected fluorescence at right angles. The fluorescencewas spectrally filtered with a monochromator and detected with a photomultiplier tube. Detection limits for dansyl-amino acids were on the order of 1 fmol injected onto the capillary (-'1 pmol/L in the sample). the sample and sheath streams (37) and by diffusion of the analyte into the sheath stream (35 greatly reducing the background signal. A mask placed in the image plane of the collection optic blocks light scatter generated at the interface of the cuvet window and the sheath fluid; the photodetector sees only the illuminated sample strearn In our early efforts with the sheath-flow cuvet, a l-W argon ion laser excited fluorescence (33). Although this laser power is appropriate for fluorescence excitation in the flow conditions found in flow cytometry, it is sufficiently high to photobleach analyte under the flow conditions used in electrophoresis detection. Under the low sheath-flow rate used in capillary electrophoresis detection, the analyte has relatively long illumination time and a high probability of photodestruction.
High-SensitivftyLaser-Induced Fluorescence Detection in Capillary Electrophoresis
We have found that a laser power of 25 mW maximizes the signal-to-noise ratio for detection of fluorescein thiohydantoin derivatives of amino acids.
High-efficiency collection of fluorescence improves detection limits. We use a 0.65 numerical aperture microscope objective to collect fluorescence with good efficiency (12%). The objective images the sample stream onto a pinhole that acts as a mask to block scattered Recently, we have begun to study analytes that are labeled with tetramethyl rhodamine (38). A heliumneon laser operating at 543.5 nm efficiently excites these derivatives. The laser is low power, 750 pW, and produces very low background signals in the sheathflow cuvet. As a result, detector dark-current can dominate the background signal. We cool the photomultiplier tube to -20 #{176}C to minimize dark current and improve detection limits. We mixed1 ml of each amino acid solutionwIth0.1 mLof the FffC solutionin a 1.5-mL disposable centrifugevialand let this react for 4 hat room temperature in the dark to produce the thiocarbamI derivative. Next, we mixed 0.5 ml of each thiocarbamyl solution wIth 0.5 ml oftrifluoroacetic acidand let thisreactfor 15 h inthedark to form FTHamino acids. These FTh amino acid solutionswere stored at 4 'C until use. The FTH amino acids were diluted at least 4000-fold in 0.01 mot/Lphosphatebuffer(pHl)beforelnjection.Peak lisArg;2isHis;3isLeu;4isTry;5isileandTyr;6isMet,Phe,andThr; 7isVal;8lsHpro;9lsAsp; lOlsPro; llisThrandSer; l2isAla; l3isGly; l4lsCysandSer; 1518Gm;l6isOIu;and l7isAap. mniectedconcentratlonswere2.2nmoi/LforHis, of labeled analyte introduced onto the capillary (1 pmol/L). These detection limits are several orders of magnitude superior to those reported for on-column detection and reflect the low background signal produced by the sheath-flow cuvet.
AminoAcid Separation by Capillary Zone Electrophoresls

DNA Sequencing Data by Capillary Gel Electrophoresis
We have also applied the sheath-flow cuvet as a post-column fluorescence detector for DNA sequencing by capillary gel electrophoresis. 
